A waveguide 10 dB directional coupler operating from 325 GHz to 400 GHz is designed based on the short-slot Riblet-type coupling configuration and fabricated using the deep reactive ion etching (DRIE) silicon micromachining technique. The skin depth and the conductivity of the gold film with the roughness of 0.2 m are investigated at 300∼1000 GHz frequency band for the higher accuracy. In order to measure the small-size four-port coupler using the two-port VNA with big-size flanges, three testing topologies are designed, in which the terahertz (THz) wedged-type absorbing material terminals are adopted as the waveguide matching loads. The measured average insertion loss is 0.5 dB after deducting the intrinsic loss and the measured average isolation is better than 25 dB, which are in good agreement with simulations. The analysis and the design are verified to be accurate and valuable for the high-performance sub-millimeter-wave waveguide components.
Introduction
Sub-millimeter-wave waveguide components have advantages over the planar transmission line components due to their lower losses, higher power handling capacities, and ease of interconnection with the measurement system and other solid-state systems. In this paper, a 10 dB directional coupler based on the H-plane waveguide short-slot Riblettype coupling configuration with two apertures is presented at the 325∼400 GHz frequency band.
Because the conductivity and the skin depth of the bulk metal are altered under the influence of the frequency and the surface roughness while the frequency increases, they are investigated for obtaining more accurate loss at the 100∼ 1000 GHz frequency band.
Because the straight waveguide loss cannot be ignored when the frequency is up to 300 GHz [1] , the length of the input/output straight waveguide should be kept as short as possible for less loss. However, it is difficult to measure all characteristics of the four-port coupler with small-size using the two-port VNA with big-size flanges. Therefore, three testing topologies based on the same Riblet-type coupling configuration are designed for measurements.
Because the micromachining techniques have the advantage over the computer numerical control (CNC) metal machining due to their highly accurate dimensional control [2] , the silicon DRIE micromachining is adopted for the fabrication of the proposed coupler. The measured results are in good agreement with the simulations, which verifies that the accuracy of the analysis above and the design process is valuable to realize high-performance waveguide components at the sub-millimeter-wave frequency band.
Design and Simulation

The Design of the Coupler.
While the frequency is higher than 300 GHz, the design of the waveguide component is hampered enormously by the influence of the fabrication tolerance. The good solution is selecting a much simpler structure for obtaining the given performance. Compared with the E-plane branch-line configuration, the H-plane short-slot Riblet-type configuration [3] has simpler structure and wider bandwidth, which is adopted as the basic structure of the directional coupler. The basic structure of the directional coupler is shown in Figure 1 . Different coupling coeffecient can be obtained by adjusting the dimensions ( 3, 3) of the coupler apertures under the premise of the same length of the coupling region. The quasi-ridge structure is adopted in the coupling area for getting better return loss. To simplify the fabrication, the etching depth of the whole couple is set to an equal value. In order to make it easier to connect with external circuits, the standard WR-2.2 rectangular waveguides with the size of 559 m × 279 m are used as the input and output waveguides. The optimized dimensions using the commercial full-wave electromagnetic simulation software (ANSYS HFSS) are shown in Table 1 .
The Analysis of the Skin Depth and Metal Conductivity.
According to the time-varying electromagnetic theory, the properties of bulk metal thin films with more than several tens of nm thickness are well described by the Drude model [4, 5] , in which the conductivity is dependent on the angular frequency as follows:
where 0 = 0 2 / * is the intrinsic bulk conductivity at direct current and is also adopted in the ANSYS HFSS, = 2 is the angular frequency, 0 , , and * , respectively, denote the free electron density, the electronic charge, and the effective mass of the electrons, and refers to the scattering relaxation time of the free electron (i.e., = 27.135 fs in [6] , = 18.5 fs in [7] ). According to the classical relaxation-effect model, the surface impedance ( ) and the skin depth of homogeneous metals with smooth surfaces are related to the complex conductivity ( ) by [8] 
where 0 is the permeability of free space; is the relative permeability; and is the permittivity. According to formula (3), the skin depth of the smooth gold film is shown in Figure 2 . From Figure 2 , the skin depth of gold thin films with smooth surfaces is about 125∼140 nm in the frequency band of 325∼440 GHz.
When the surface roughness exceeds the skin depth of metals with smooth surfaces, the Hammerstad and Bekkadal model [9, 10] is adopted for predicting the loss due to International Journal of Antennas and Propagation 3 the rough metal surfaces. The attenuation constant of the rough metal surface (Δ ) can be captured by a frequency dependent correction factor rough as in [11] 
where
Applying the concept of second-order small-perturbation method (SPM) based on first-principle classical electrodynamics [12] [13] [14] [15] [16] , the frequency dependent conductivity due to surface roughness can be captured as follows:
Taking account of practical situation, the waveguide surface is metallized by electroplating gold film layer with thickness of 3 m which will be illustrated in Section 3, whose surface roughness is given by 0.2 m. According to formula (5), the effective conductivity of the gold film with the roughness of 0.2 m is shown in Figure 3 .
From Figure 3 , the effective conductivity is about 1.24 × 10 7 S/m at the frequency band of 325∼400 GHz.
The Design Consideration for Measurements.
According to the observation in [1] , the insertion loss of a straight waveguide fabricated by the DRIE technology is about 0.4 dB/mm in the band of 325∼440 GHz, which cannot be ignored when the operating frequency is increased to 300 GHz or higher. Hence, the whole size of the directional coupler should be kept as small as possible. However, measuring a four-port waveguide coupler using a two-port VNA with standard flanges of big size is difficult. To deal with this issue, three testing topologies with much shorter extended port waveguides, which can lead to less loss, are designed for measuring the -parameter characteristics of the coupler, respectively, as shown in Figure 4 . Because the distance (about 5.5 mm) between two under test ports is shorter than the lengths of two screws used in measurement flanges, which will cause collision of two screws, two under test ports are set in a line for convenient connection. To ensure the good matching of untested ports, two untested ports are turned to the orthogonal direction. For the untested ports, conventional waveguide matching loads with big size cannot be used because it will lead to a longer extended waveguide and more loss. Therefore, THz wedged-type absorbing materials shown in Figure 5 are adopted as the replacement of matching loads. A single-port test fixture with standard WR-2.2 rectangular waveguide is fabricated for measurements, in which the absorbing material is set at the end of the H-plane waveguide as shown in Figure 5 . The measured result is shown in Figure 6 , in which the average return loss is better than 20 dB from 325 GHz to 400 GHz.
The simulated results of the three testing topologies with the analysis above are shown in Figures 12, 13 , and 15.
Fabrication
As shown in Figure 7 , the main micromachining process consists of the following steps. The whole testing structure is etched to a depth of 282 m using the DRIE process on a polished silicon wafer with a thickness of 500 m and another polished silicon wafer with the same thickness is used just as a cover. This procedure can avoid position error of interwafer bonding completely, which is crucial to the filter's performance. Then, the surfaces of the two etched wafers are both metallized by electroplating gold layer to a thickness of 3 m. However, there is a problem that if there is a little gap between the upper and lower cavities it will lead to dramatic deterioration on the performance of filter. The problem is solved by the gold-to-gold compression bonding process due to its close bonding. Finally, to ensure the good electric connection to the measurement system, the end surfaces of the bonded testing structure are sputtered with a gold film of several nanometers.
The photographs of the three micromachined testing topologies are shown in Figure 8 , where sizes of the three test topology are all given by 5.5 mm × 5.5 mm × 1 mm.
The standard UG-387 flange is most widely used in the millimeter-wave frequency band. However, dimensional tolerances of this waveguide flange impose a major limitation on precise measurements above 100 GHz. Instead, the modified ring-centered flanges with smaller alignment dowels are adopted in the text fixtures, as shown in Figure 9 , which show a repeatability superior to that of the standard UG-387 flange [17] . As shown in Figure 10 , test fixtures are fabricated to fit in the wafer testing structures so that they can be connected to the measurement system. THz wedged-type absorbing materials are stuffed into untested waveguide ports for the matching.
Measurements and Results
-parameter measurements are carried out using Agilent N5245A VNA with OML 325∼500 GHz frequency extenders, as shown in Figure 11 . At first, the system is calibrated at the frequency range of 325∼400 GHz by TRL standards with the insert loss less than 0.1 dB and the return loss better than 30 dB. And then the fixture with the silicon block is connected with standard WR-2.2 rectangular waveguides of frequency extenders.
The measures results of the through coupling topology and the parallel coupling topology are presented in Figures  12 and 13 , which are compared to simulations. The measured coupling coefficient is about 10 dB with the loss less than 1 dB and the average return loss is better than 17 dB, which fits perfectly the simulations. Therefore, it verifies that the analysis and the designs in Section 2 are accurate. As shown in Figure 14 , a straight waveguide with a length of 5.5 mm fabricated using the same DRIE process has been measured as well, whose average loss is about 0.25 dB/mm.
The measured isolation shown in Figure 15 has similar curve to the simulation. However, the value of the isolation deteriorates a little. The angle of the waveguide sidewall was measured to be 91.2 ∘ relative to the wafer surface due to the transverse etching in the DRIE process, which is the first reason of the deterioration. The second reason is the dimension deviation, as shown in Table 2 . According to the analysis in Section 2, the untested ports are not matched perfectly using absorbing materials, which is the third reason. The fourth reason of the deterioration is coming from the nonclose connection between the two end surfaces of the measurement setup and of the micromachined filter.
Conclusions
In this paper, a waveguide 10 dB directional coupler is fabricated by the DRIE micromachining technology. Because the effective conductivity and the skin depth of the gold film are altered under the influence of the frequency and the surface roughness, they are analyzed for obtaining more accurate insertion loss. Three test topologies are used for measurements. The measured results are in good agreement with the simulations, which certifies the accuracy of the design. The analysis in this paper offers the potential for more accurate designs of silicon micromachined components at sub-millimeter-wave frequency in the future. This work was supported by the National Natural Science Foundation of China (G0501020161371054).
